The main aim of this study is to investigate the technical and economic feasibility of the pulse electrocoagulation (PE) process on the treatment of oilfield alkali/surfactant/polymer flooding produced water. By using an Fe electrode, the performance of the PE process was analyzed in terms of operating parameters such as pulse duty cycle, current density, pulse frequency, electrode distance, and reaction time with removal efficiencies, some of which are presented in figures and others are given in tables due to the numbers of parameters. Under the optimal conditions of a pulse 
INTRODUCTION
Oilfield produced water has become a hot research topic within the area of environmental engineering and applications in wastewater treatment due to its vast yield and potential hazards (Lu et al. ) . To enhance oil recovery, alkali, polymers, surfactants and some other chemicals are increasingly widely used through injection into oil reservoirs, especially heavy oil reservoirs (Chang et al. ) .
These actions result in the production of a large quantity of wastewater with highly complex compositions and recalcitrant nature (Li et al. ) . Effective treatment and a reuse of produced water can mitigate scarcity of fresh water, especially in arid areas.
Alkali/surfactant/polymer (ASP) flooding produced water (AFPW) contains large amounts of residues of alkali, surfactants, polymers (mainly polyacrylamide, PAM), and emulsified oil. PAM can increase the viscosity of produced water and enhance the stabilization of oil-water emulsions, therefore raising the difficulty of the demulsification process and the subsequent treatment (Lu & Wei ) . Traditionally, coagulation, sedimentation, filtration and their combinations are employed to treat produced water in Chinese oilfields. However, these processes have a low performance towards AFPW because of the high viscosity and very small oil droplet size in the wastewater, making the effluent quality not satisfy the reuse requirement for reinjection in oilfields (He et al. ) . Effective treatment of AFPW is one of the difficult problems in the popularization and application of ASP flooding.
Wastewater treatment using electrochemical technologies has drawn extensive research attention in recent years due to several advantages including high energy efficiency, amenability to automation, easy handling, safety and versatility (Brillas & Martínez-Huitle ) . These technologies mainly comprise electrodeposition, electrocoagulation, electroflotation, electrooxidation, electroreduction, electrochemical oxidation, etc.
Among these approaches, electrocoagulation has gradually been used for wastewater treatment because of its advantages such as efficient and rapid organic matter separation, no need for pH control, easy availability of electrode materials, low requirement of chemicals, low sludge production, low operating costs (Martinez-Huitle & Brillas ). Electrocoagulation (EC) utilizes soluble metal (like Al and Fe) electrodes to form metal hydroxides by using current between immersed metal electrodes in wastewater, and these metal hydroxides serve as coagulants and/or adsorbents to remove inorganic and organic pollutants and pathogens. Electrocoagulation mechanisms may involve oxidation, reduction, decomposition, deposition, coagulation, adsorption, precipitation, and flotation.
Usually, direct current is used in electrocoagulation systems. In this case, an impermeable oxide layer may form on the cathode material as well as corrosion formation on the anode material because of oxidation. This passivation prevents the effective current transfer between the anode and cathode, so the performance of the electrocoagulation reactor declines in continuous operation mode (Martinez-Huitle & Brillas ) . Fortunately the development of pulse electrocoagulation (PE) has been explored in recent years (Ren et al. ) . PE uses 'on-off-on' power supply mode for electrolysis under the action of the electric field applied.
In comparison with direct current electrocoagulation (DE), the electrode reaction is intermittent during PE, which is beneficial for the electrode surface diffusion, thus efficiently preventing electrode passivation caused by the concentration polarization phenomenon. Moreover, an intermittent power supply mode could greatly reduce energy consumption, since the actual electrification time is much less than the total EC reaction time (Ren et al. ) .
In this study, the effects of pulsed voltage applications on EC performance were investigated using AFPW.
The operating parameters were optimized through singlefactor experiments. Additionally, PE, DE, and chemical coagulation (CC) were compared in terms of treatment efficiency and energy consumption.
MATERIALS AND METHODS

Materials
The main reagents were analytical grade and used as received without further purification. Solutions were prepared using MilliQ-grade (>18.0 MΩ/cm) water. Commercial grade polymeric ferric sulfate (PFS) (purity: 98%) was obtained from Dongfang Water Purification Material Co., Ltd, Gongyi, China.
Wastewater
The actual AFPW sample used in this study was collected from Daqing oilfield located in Heilongjiang province, China. The wastewater was allowed to settle for 24 h, the floating oil was skimmed off using filter paper, and then preserved at 4 W C before use. The wastewater quality parameters are listed in Table 1 .
Experimental set-up
A bench-scale reactor of 0.5 L with a virtual volume of 250 mL was made of Plexiglas® and used throughout the experiments. remove any solid residues on the surfaces, followed by drying and re-weighing. Electrocoagulated wastewater was filtered through a Whatman #40 filter paper after each run and then the filtrate was analyzed. At the end of each experiment, the amount of formed sludge (metal hydroxide flocs together with removed pollutants) was calculated by weighing the dried solid residue on the filter paper.
During PE experiments, the influences of peak current density, duty cycle and pulse frequency on treatment performance were investigated.
The CC experiments were conducted using jar test apparatus. In each run, 250 mL wastewater was added to a 500 mL beaker. The wastewater was stirred rapidly at 200 rpm for 2 min after a certain amount of PFS was dosed. After slow stirring at 50 rpm for 5 min, the wastewater was allowed to settle for 15 min. The supernatant samples were taken and analyzed.
In this study, each experiment was conducted in three replications to calculate the mean value and standard deviations.
Analytical methods
Chemical oxygen demand (COD), oils and greases (O&G), turbidity, alkalinity, and total suspended solids (TSS) were determined by the procedure described in Standard Energy and electrode consumptions are the main components of the operating cost. Thus, specific iron electrode consumption q (kg Fe/kg COD) and specific energy consumption Q (kWh/kg COD) was calculated according to
Equations (1) and (2), respectively:
where m 0 and m t are the mass of the iron electrode at t ¼ 0 and t, respectively; COD 0 and COD t are the concentration of COD at t ¼ 0 and t, respectively.
where V is peak voltage, I is peak current, t is reaction time, and θ is pulse duty cycle (in the DE process there is θ ¼ 1).
Pulse duty cycle θ is defined as the ratio of power-on time to the whole cycle time (Equation (3)) (Ren et al. ) :
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RESULTS AND DISCUSSION
Effect of peak current density on PE
In all electrochemical processes, current density is the most important parameter for reaction controlling in the reactors. Nevertheless, the COD and turbidity increase slightly when increasing the duty cycle from 0.3 to 0.5.
The pulse duty cycle is a particular parameter in PE compared to DE. According to Equation (2), energy consumption would be reduced with a low pulse duty cycle.
Additionally, the dissolution of the Fe electrode was stopped during the power gap, thus Fe consumption could be greatly reduced. However, treatment duration would be prolonged with a lower duty cycle. At a higher duty cycle, the performance of PE is similar to that of DE due to the short power The short circuit of emulsion would result in the formation of smaller-sized and more dispersed droplets, which increases the difficulty of demulsification. During PE treatment of AFPW, the short circuit of emulsion can be prevented by controlling the pulse parameters, rendering the pulse output time (pulse width) less than the short-circuit formation time and the pulse interval greater than the short-circuit disappearing time. Considering the treatment efficiency and energy consumption, the pulse duty cycle was controlled at 0.3 in this study.
Effect of pulse frequency on PE
Pulse frequency ( f ) is defined as the reciprocal of the cycle time: Figure 3 shows the COD and turbidity values versus pulse frequency in the PE process under the following conditions:
peak current density of 35 mA/cm 2 , pulse duty cycle of 0.3, electrode distance of 1.0 cm, and reaction time of 40 min.
In the pulse frequency range of 0.5-3.0 kHz, the COD and turbidity decrease with the increase of pulse frequency, and reach the lowest point at a pulse frequency of 3.0 kHz. However, higher pulse frequencies (3.0-6.0 kHz) cause decreased treatment efficiency (Figure 3 ). In the case of fixed peak current density and duty cycle, changing the pulse frequency would only affect pulse width and pulse interval. There are more cycles of current pulses at higher frequencies, which give a better chance for floc formation and thus higher pollutant removal efficiency. Nevertheless, the time of power-on and power-off time is reduced with the increase in pulse frequency. Thus, the anodic passivation caused during poweron duration can not be eliminated owing to the shorter pause time at higher pulse frequency. That is the probable reason why the removal efficiencies of COD and turbidity drop with the increase in pulse frequency from 3.0 to 6.0 kHz.
Effect of electrode distance on PE
Electrode distance is an important variable in order to optimize the operating costs of electrolysis systems. The drop in ohmic potential of a cell is proportional to the electrode distance. The distance between electrodes also affects electrolysis energy consumption, and when the conductivity of the effluent is high, a larger spacing between the electrodes is possible. On the other hand, when conductivity is low, the spacing should be smaller (Drouichea et al. ) . To determine the effect of electrode spacing, PE treatments were carried out at an electrode distance ranging from 0.5 As shown in Figure 4 , the COD and turbidity fall down at first and then ascend with the increase in electrode distance.
The removal efficiencies of COD and turbidity reach 98.3 and 98.8% separately at the optimum electrode distance of 1.0 cm. Short electrode distances inhibit ion diffusion between electrodes, and thus reduce the coagulation efficiency. On the contrary, the ion generation rate declines with the increase in electrode distance, and it is prone to generate larger and looser flocs that could enhance the coagulation performance (Ren et al. ) . However, the electrode reaction rate could drop at an electrode distance above 2.0 cm. In addition, the electrical resistance and voltage increase with the increase in electrode distance, which causes higher energy consumption. Therefore, the electrode distance of the PE process was kept at 1.0 cm for efficiency, energy consumption and resource considerations.
Effect of reaction time on PE
Similar to the current density influence on electrode dissolution, reasonable electrolysis duration should be provided to 
Effect of current density on DE
DE treatments were conducted using the same reactor for the PE process but with a direct current at an electrode distance of 1.0 cm. Figure 6 shows the influence of current Error bars represent standard error from three independent trials.
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Therefore, the polymer would bridge between the particle surfaces only when the coagulant concentration is sufficiently small compared with the amount of saturated adsorption points. However, with less coagulant, the adsorption/bridging role would not work. These results demonstrated that PE treatment has higher treatment efficiency than DE and CC processes towards the AFPW.
Comparison of DE, PE and CC
Electrocoagulation is proposed as an effective technique when metal hydroxides are used as coagulant, because it provides 100 times greater adsorption capacity on in situ hydroxides rather than on preprecipitated hydroxides (Mollah et al. ) . When an iron electrode is used as the anode in an electrocoagulation reactor, it produces iron hydroxide, Fe(OH) n , where n ¼ 2 or 3. At the cathode, H 2 evolution occurs by the following reaction (Equation (5)): In this study, PE exhibits higher performance than DE (Table 2 ). This is because the electrode passivation in PE could be avoided or lessened relative to DE (Ren et al.
).
As observed in previous research, the electrode surface was more seriously corroded and uniform in PE than that in DE (Ren et al. ) . In the DE process, the anode electric potential is raised and Fe 2þ is continuously generated, so the Fe 2þ concentration around anodes is increased and a dense oxide layer is formed on the electrode surface. However, in PE, Fe 2þ could diffuse into solution and the oxide layer could be dissolved by H þ near the electrode, which succeeds in avoiding electrode passivation and thus improves current efficiency (Ren et al. ) . Table 3 shows that under the respective optimum conditions, the energy consumption of PE is much lower than that of DE, and the PE process could save 76% of the energy relative to the DE process. There is no obvious difference in specific iron electrode consumption and sludge yield in these two processes. 
